Introduction
Gram-negative bacteria have long been known to produce outer membrane vesicles (OMV) during growth (Kulp and Kuehn, 2010) . OMVs are spherical in shape, range from approximately 25-to-200 nm in diameter, and are derived by budding off from the outer membrane (OM). Studies of Gram-positive bacteria, archaea, fungi and higher eukaryotes have revealed that the release of membrane vesicles is a universal cellular phenomenon, with broad significance that is just beginning to be understood (Gyorgy et al., 2011; Schwechheimer and Kuehn, 2015) . Given the diversity of bacteria that produce them, it is not surprising that OMV perform varied roles, including participating in quorum sensing, acting as public goods to support growth within microbial communities, and mitigating envelope stress by removal of unfolded or aggregated proteins (Schwechheimer and Kuehn, 2015) . For pathogenic bacteria, OMV act as stealth carriers of virulence factors, providing protection from host immune defenses and enabling virulence factor delivery to locations distant from the site of infection (Horstman and Kuehn, 2000; Bomberger et al., 2009; Amano et al., 2010) . Thus, OMV act as a secretion system that adds to the arsenal of pathogenic bacteria and aids in their colonization and spread. Despite the long history of OMV research, it is unknown whether their production is a non-specific byproduct of growth or a regulated phenomenon, and possible mechanisms that allow for the specific targeting of proteins such as virulence factors remain to be identified.
We previously documented the regulated production of OMV and novel tubular structures by Francisella novicida, a model strain for the zoonotic pathogen and causative agent of tularemia, F. tularensis (McCaig et al., 2013) . Francisella spp. are Gram-negative, pleomorphic, facultative intracellular pathogens that infect a variety of small mammals. F. tularensis may be transmitted to humans through the bite of infected animals or insect vectors, ingestion of contaminated water or food, or via inhalation. Direct inhalation of aerosolized bacteria results in the pneumonic form of tularemia, which has mortality rates as high as 60% if left untreated (Ellis et al., 2002 , Oyston et al., 2004 . The Centers for Disease Control and Prevention has categorized F. tularensis as a Tier 1 select agent due to its very low infectious dose (as few as 10 organisms), ease of aerosolization, high morbidity and mortality rates and the absence of a licensed vaccine (Federal Select Agent Program, 2014) .
Francisella spp. infect and replicate inside a wide variety of host cells, with macrophages being the preferred intracellular niche during mammalian infection (Fortier et al., 1994; McCaffrey and Allen, 2006; Qin and Mann, 2006) . The ability of Francisella to counteract host defense mechanisms, escape from the phagosome into cytosol and replicate in the cytosol is critical for its virulence. Phagosomal escape requires a type VI secretion system (T6SS), comprising proteins expressed from a genomic locus termed the Francisella pathogenicity island (FPI) (Golovliov et al., 2003; Clemens et al., 2004; Clemens et al., 2015) . Although the FPI-encoded T6SS is capable of delivering virulence factors into the host cell (Broms et al., 2012; Eshraghi et al., 2016) , Francisella spp. lack other systems that typically function in this capacity for intracellular Gram-negative pathogens (Larsson et al., 2005) . The release of membrane-derived vesicles provides an alternative route for the delivery of bacterial virulence factors into host cells (Guerrero-Mandujano et al., 2017) . Previous work from our group and Pierson et al. characterized OMV produced by F. novicida (Pierson et al., 2011; McCaig et al., 2013) . We also demonstrated that F. novicida produces novel tubular vesicles and tubular extensions of its cell surface (McCaig et al., 2013) . Proteomic analysis of these OMV and tubes (OMV/T) revealed the presence of many known Francisella antigens and virulence factors. The F. novicida OMV/T are produced during early stages of bacterial interaction with host cells (McCaig et al., 2013) , suggesting that the vesicles may function in virulence factor delivery during host cell invasion or facilitate survival within or escape from the phagosome.
Mechanisms governing the production and regulation of bacterial vesicles are poorly understood. The release of OMV is increased in response to environmental stress and conditions that destabilize the bacterial envelope or result in accumulation of unfolded proteins (Schwechheimer and Kuehn, 2015) . A number of bacterial mutants have been isolated that cause increased production of OMV, most tied to changes in membrane structure or envelope stress; however, much less is understood regarding mutants that decrease OMV production (McBroom et al., 2006; McBroom and Kuehn, 2007; Deatherage et al., 2009; Kulp et al., 2015) . This has led to the perception that OMV production may not be a controlled event that is driven by specific genes and signals. Our observation that F. novicida produces OMV/T under specific culture and growth conditions (McCaig et al., 2013) led us to hypothesize that production of the OMV/T occurs in a regulated manner and is governed by genetic and environmental cues. In this study, we report the identification and characterization of four genes required for maintaining normal levels of vesiculation by F. novicida. Two of the identified genes are involved in central carbon metabolism, whereas the other two are of unknown function. We demonstrate that F. novicida and fully virulent F. tularensis use cysteine depletion as an environmental cue to trigger OMV/T formation during growth in rich medium, and that amino acid starvation is a general signal governing OMV/T production. Our results link amino acid starvation and central carbon metabolism to the regulated biogenesis of bacterial membrane-derived structures.
Results

A genetic screen identifies genes that influence OMV/T formation
We previously showed that F. novicida upregulates production of spherical OMV and elongated tubular vesicles and cellular projections on entry into stationary phase when grown in brain heart infusion (BHI) medium, but not tryptic soy broth (TSB) (McCaig et al., 2013) . To understand the genetic basis for this regulated phenotype, we screened the defined transposon mutant library of F. novicida strain U112 (Gallagher et al., 2007) to identify mutants with decreased (hypo-vesiculating) or increased (hyper-vesiculating) levels of OMV/T production. To gauge OMV/T levels, the bacteria were grown in microtiter plates in BHI medium to early stationary phase, and culture supernatants were screened by blotting for levels of the OM protein FopA using a previously described monoclonal antibody (Supporting Information Fig.  S1 ) (Savitt et al., 2009) . FopA is an integral OM protein and abundant constituent of the OMV/T (McCaig et al., 2013) ; therefore, FopA should only be present in the culture medium in association with membrane-derived structures. Our screen identified 31 F. novicida transposon mutants, corresponding to 25 unique loci, with reduced FopA signal (hypo-vesiculating; Table 1 ). As expected, all three mutant alleles of FopA in the library were identified, confirming the specificity of our antibody-based screening protocol. The screen also identified 96 F. novicida transposon mutants, corresponding to 82 unique loci, with increased FopA signal (hyper-vesiculating; Table 2 ).
The putative hyper-vesiculating mutants isolated from our screen (Table 2) include genes involved in maintenance of OM integrity (tolA, tolB, pal), lipopolysaccharide and lipoprotein biosynthesis (kdsA, FTN_1067), peptidoglycan assembly (mpl, FTN_0907, FTN_0917, FTN_0967) and phospholipid asymmetry (FTN_0322, FTN_0325-FTN_0328). This matches results reported for other Gram-negative bacteria, connecting membrane integrity, envelope stress and altered phospholipid trafficking with increased OMV production (McBroom et al., 2006; McBroom and Kuehn, 2007; Deatherage et al., 2009; Kulp et al., 2015; Roier et al., 2016) . Our screen also identified putative hyper-vesiculating mutations in genes involved in carbon metabolism (rpiA, gsgA, glp), pyrimidine biosynthesis (purT), cell division (ftsK, minE) and transcriptional regulation (mglA). Analysis of a subset of the putative hyper-vesiculating F. novicida mutants by transmission electron microscopy (TEM) confirmed increased production of OMV/T during growth in BHI medium (bold text in Table 2 ).
We were particularly interested in the hypovesiculating F. novicida mutants isolated in our screen, as fewer such mutants have been described for other bacteria. Individual analysis of these mutants by TEM confirmed that the majority of the mutants produced lower levels of OMV/T when grown in BHI medium (Table 1) . However, several mutants produced near wildtype levels of OMV/T, suggesting that they could be involved in localization of FopA to the OM rather than OMV/T production. Transposon insertions in fopA did not affect OMV/T formation ( Table 1 ), indicating that FopA itself is not involved in vesicle biogenesis.
Of the hypo-vesiculating mutants isolated from our screen, mutations in FTN_0337 (fumA) and FTN_1333 (tktA) produced the strongest phenotypes, with almost no bacterial-associated OMV/T (Fig. 1A) . Complementation of the fumA and tktA mutants with the wildtype genes restored OMV/T production, demonstrating the specificity of the transposon insertion mutations (Fig. 1A) . FumA is a class I fumarate hydratase, an enzyme of the tricarboxylic acid (TCA) cycle that reversibly converts fumarate to malate (Guest and Russell, 1992) . TktA is transketolase, an enzyme in the non-oxidative phase of the pentose phosphate pathway (Horecker, 2002) . Two additional mutations, in genes FTN_0908 and FTN_1037, exhibited greatly decreased levels of OMV/T production compared to wildtype U112 (Fig. 1A ). FTN_0908 encodes a small, highly conserved protein of unknown function that has homology to YbeD, a regulator of lipoic acid biosynthesis (Kozlov et al., 2004) ; FTN_1037 encodes an uncharacterized predicted integral cytoplasmic membrane protein with homology to members of the MFS transporter superfamily (Reddy et al., 2012) . To assess production of secreted vesicles, OMV/T were purified from wildtype F. novicida U112 and the four strongest hypo-vesiculating mutants grown on BHI agar plates. Vesicle levels were quantified by staining with the lipophilic dye 1,6-Diphenyl 1,3,5-hexatriene (DPH) and measuring fluorescence normalized to total bacteria. As shown in Fig. 1B , the fumA and tktA mutants had 80%-90% reduced OMV/T production compared to wildtype U112, whereas the FTN_0908 and FTN_1037 mutants had 40%-50% reduced OMV/T formation. The complemented fumA and tktA strains produced similar levels of OMV/T as wildtype U112 (Fig. 1B) . Examination of the purified OMV/T by TEM confirmed the DPH quantification results. Notably, the fumA mutant almost entirely lacked tubular vesicles, instead producing only very low levels of spherical OMV (Fig. 1C) . TEM examination of the tktA, FTN_0908 and FTN_1037 mutants also revealed significantly lowered levels of OMV/T, but both spherical and tubular structures were observed (Fig. 1C) .
The F. novicida fumA and tktA mutants are defective for intracellular replication
FumA and TktA are central enzymes in key metabolic pathways that are linked to energy generation in the cell. Therefore, it was not surprising that fumA and tktA mutants had moderately slower growth kinetics in BHI broth compared to wildtype U112 (Supporting Information Fig. S2A ). Both the FTN_0908 and FTN_1037 mutants also had altered growth profiles in BHI broth. The ability of Francisella spp. to escape from the phagosome and grow within macrophages is strongly correlated to virulence. Prior studies in F. novicida U112 and the F. tularensis live vaccine strain (LVS) found that fumA and tktA mutants are defective for growth in macrophage-like cell lines and attenuated for virulence in mice (Tempel et al., 2006; Su et al., 2007; Asare and Abu Kwaik, 2010) . To extend these findings, we investigated the ability of the four hypo-vesiculating mutants to replicate in primary murine bone marrow derived macrophages (BMDM). As shown in Fig. 2A , the fumA and tktA mutants replicated to lower levels at 21 h postinfection compared to the wildtype strain, and these defects were rescued in the complemented mutants. In contrast, the FTN_0908 and FTN_1037 mutants replicated similarly to the wildtype strain in the BMDM at the same time point ( Fig. 2A) . To investigate if the intracellular replication defects of the fumA and tktA mutants are a consequence of defective phagosomal escape, we evaluated colocalization of bacteria with the late endosomal marker LAMP1 in the RAW264.7 macrophage-like cell line at 2.5 h post-infection. The fumA and tktA mutants escaped from the phagosome as efficiently as wildtype U112, as seen by the lack of colocalization between the green CFSE-stained bacteria and the red LAMP1 signal ( Fig. 2B and C) . In contrast, an iglC a. Gene names in bold were confirmed for increased OMV/T production by TEM.
Regulated production of membrane vesicles and tubes 527 mutant that fails to escape from the phagosome (Santic et al., 2005) appears as yellow spots ( Fig. 2B ) and has a high colocalization coefficient (Fig. 2C ). This analysis indicates that the intracellular replication defects of the fumA and tktA mutants are not due to an inability to escape the phagosome. Previous studies have linked fumA and tktA with bacterial resistance to reactive oxygen species (ROS) (Domain et al., 2007; Moule et al., 2010) . However, the F. novicida fumA and tktA mutants remained defective for intracellular replication in BMDM derived from mice carrying the gp91 phox-/-mutation, which lowers levels of ROS released into the phagosome (Pollock et al., 1995) (Supporting Information Fig. S2B ). This suggests that sensitivity to ROS is not the basis for the defective intracellular replication phenotypes of the mutants. In addition, the fumA, tktA, FTN_0908 and FTN_1037 mutants did not exhibit increased sensitivity to hydrogen peroxide or the superoxide generator paraquat compared to wildtype U112 (Supporting Information Fig.  S2C and D). Taken together, these results demonstrate that the hypo-vesiculating mutants are similar to wildtype F. novicida in sensitivity to oxidative stress.
OMV/T formation by F. novicida is responsive to cysteine levels
OMV production increases in response to oxidative stress in E. coli and to cysteine deprivation in Neisseria meningitidis (Macdonald and Kuehn, 2013; van de Waterbeemd et al., 2013) . Prior work from our group To account for growth differences between strains, fluorescence was normalized to bacterial wet weight before comparison to wildtype (set at 100). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant; for comparison between each mutant and wildtype U112, as calculated by unpaired two-tailed Student's t test. C. Representative TEM images of OMV/T purified from wildtype U112 and the indicated hypo-vesiculating mutants. Note that the mutant OMV/T samples are 3-to-4-fold more concentrated than the WT OMV/T sample. Scale bars in A and C represent 200 nm.
showed that OMV/T production by F. novicida U112 is induced on entry into stationary phase in BHI medium, but not during growth in TSB (McCaig et al., 2013) . A comparison of the media compositions showed that while TSB is traditionally supplemented with cysteine (0.1% w/v), BHI medium is not. Francisella spp. are auxotrophic for cysteine and are dependent on external sources for this amino acid (Chamberlain, 1965; Ramage et al., 2012) . Therefore, on entry into stationary phase, F. novicida growing in BHI medium is likely to experience cysteine deprivation, whereas cysteine is still likely to be available to bacteria growing in the cysteinesupplemented TSB.
To ascertain if cysteine deprivation is a trigger for OMV/T formation, we examined the ability of wildtype U112 to form bacterial-associated OMV/T when grown on BHI agar supplemented with 0.1% cysteine (BHI 1 Cys). As shown in Fig. 3A , cysteine supplementation resulted in a nearly complete loss of bacterial OMV/T. This phenotype was also observed when BHI was supplemented with 0.1% cystine or Nacetylcysteine (Supporting Information Fig. S3A ). Conversely, OMV/T formation was induced in TSB lacking cysteine supplementation (TSB-Cys; Fig. 3B ). TEM analysis of OMV/T purified from bacteria grown on BHI or BHI 1 Cys confirmed the reduced production of vesicles in the presence of cysteine, and showed that although bacteria grown in the presence of cysteine produce both spherical and tubular vesicles, the tubes are much shorter than those produced by bacteria grown in the absence of cysteine (Fig. 3D) . To ensure that this phenotype was not dependent on some uncharacterized component of complex media, OMV/T formation was evaluated using Chamberlain's defined medium (CDM) (Chamberlain, 1965) . F. novicida grown on CDM containing the normal level of 0.02% cysteine did not produce OMV/T (Fig. 3B ). As expected, F. novicida did not grow in CDM devoid of cysteine. However, at a low concentration of cysteine (0.001%), wildtype U112 was able to grow and produced OMV/T (Fig. 3B) . DPH quantification of vesicles secreted into the medium by F. novicida during growth on the different media confirmed that addition of cysteine causes decreased OMV/T production (Fig. 3C ). Taken together, these results provide strong evidence that cysteine deprivation is a key signal A. Intracellular replication of wildtype U112, the hypo-vesiculating mutants, and the complemented strains in murine BMDM was quantified by lysing the BMDM and plating for CFU at 2.5 and 21 h after infection. Bars represent means 6 SEM from three independent experiments. *, P < 0.05; for comparison between each mutant and wildtype U112, as calculated by unpaired twotailed Student's t test. B. Representative images of RAW264.7 macrophages infected with CFSE-stained wildtype or mutant bacteria as indicated. Bacteria colocalized with LAMP1-positive phagosomes (red) are yellow, and non-colocalized bacteria are green. C. The coefficient of colocalization between CFSE-stained bacteria and LAMP1 was calculated from images of at least 75 infected macrophages. Bars represent mean colocalization coefficients 6 SEM from two (iglC) or three independent experiments (WT, fumA, tktA). *, P < 0.05; ns, not significant; for comparison between each mutant and wildtype U112, as calculated by unpaired two-tailed Student's t test. A value of 1 indicates complete colocalization and a value of 0 indicates no colocalization.
leading to production of membrane-derived structures by F. novicida.
F. tularensis subsp. tularensis produces OMV/T in response to cysteine deprivation While F. novicida provides an excellent model for studying the human pathogen F. tularensis (Kingry and Petersen, 2014) , observations made with attenuated strains of Francisella do not always hold true in fully virulent strains. Therefore, we examined the ability of the highly virulent F. tularensis subsp. tularensis strain SchuS4 to form OMV/T. TEM analysis of vesicles purified from SchuS4 grown in BHI broth revealed that F. tularensis releases both spherical and tubular vesicles into the culture medium (Fig. 4A) , as found for the F. novicida U112 strain. Furthermore, TEM analysis of SchuS4 grown on BHI agar demonstrated the presence of tubular projections extending from the bacterial surface (Fig. 4B) . As for F. novicida U112, production of OMV/T by F. tularensis SchuS4 was repressed by addition of 0.1% cysteine to the growth medium (Fig. 4B) . Therefore, the production and regulation of OMV/T is conserved between F. novicida and the human pathogen, F. tularensis.
Analysis of the purified SchuS4 OMV/T using the Mud-PIT (multidimensional protein identification technology) mass spectrometry method (Delahunty and Yates, 2007) identified 411 proteins (Supporting Information Table S1 ), compared to 286 proteins previously identified in the F. novicida OMV/T (McCaig et al., 2013) . Of the identified proteins, 159 are shared in common between the SchuS4 and U112 vesicles. The levels of 91 of these shared proteins are at least twofold different between the SchuS4 and U112 OMV/T, with proteins such as KatG (catalase) and the FPI proteins PdpB, PdpD and A. Representative whole bacterial TEM images of wildtype U112 grown on standard BHI agar or BHI supplemented with 0.1% cysteine (BHI 1 Cys). Bacteria grown in the presence of cysteine lack cell-associated OMV/T. B. Representative whole bacterial TEM images of wildtype U112 grown on standard TSB agar, TSB lacking cysteine supplementation (TSB-Cys), standard CDM agar, or CDM with a decreased level of 0.001% cysteine (CDM low Cys). The media with low or absent cysteine supplementation induces OMV/T formation. C. Quantification of OMV/T produced by wildtype U112 grown on the indicated agar plates by measuring DPH fluorescence. Bars represent mean fluorescence (arbitrary units; normalized to bacterial wet weight) 6 SEM from three independent experiments. *, P < 0.05; **, P < 0.01; for comparison of each medium in the presence or absence of cysteine, as calculated by multiple t test (using the Holm-Sidak method, with alpha 5 0.05). D. Representative TEM images of OMV/T purified from wildtype U112 grown on standard BHI agar or BHI 1 Cys. Note that the BHI 1 Cys OMV/T sample is threefold more concentrated than the standard BHI sample. Scale bars in A, B and D represent 200 nm.
IglB present at fivefold or higher levels in the SchuS4 OMV/T (Supporting Information Table S2 ). The SchuS4 OMV/T contain 76 known Francisella virulence factors (Supporting Information Table S3 ), accounting for a total normalized spectral abundance factor (NSAF) of 37.4%, compared to 22 known virulence factors in the F. novicida OMV/T accounting for 16.2% NSAF (McCaig et al., 2013) . The virulence factors present in the SchuS4 OMV/ T include 14 of the 17 FPI proteins required for phagosomal escape and pathogenesis in the host.
The OMV/T-inducing signal in BHI medium is specific to cysteine Once taken up by the bacteria, cysteine may be catabolized to enter the TCA cycle or used for a variety of purposes, including structural and functional roles in proteins, formation of low molecular weight thiols such as glutathione and generation of iron sulfur (Fe-S) clusters (Dickinson and Forman, 2002; Imlay, 2006) . Catabolism of cysteine results in the formation of the three-carbon metabolite pyruvate, which then feeds into the TCA cycle. Supplementation of BHI medium with pyruvate or the TCA cycle intermediates a-ketoglutarate or succinate did not cause a reduction in OMV/T formation by F. novicida (Supporting Information Fig. S4 ). Given the conservation in carbon skeleton between cysteine and alanine (Supporting Information Fig. S4A ), we examined if the effect of cysteine on OMV/T formation could be mimicked by addition of alanine. As shown in Supporting Information Fig. S4B , addition of 0.1% alanine did not reduce levels of OMV/T formed by F. novicida. These results indicate a specific requirement for cysteine to inhibit OMV/T formation during growth in BHI medium.
To test if OMV/T formation by Francisella during growth in BHI medium is a response to increased oxidative stress on cysteine deprivation, as found for OMV production by N. meningitidis (van de Waterbeemd et al., 2013) , we supplemented BHI with the antioxidants glutathione, ascorbic acid (vitamin C), or tocopherol (vitamin E) (Sies and Stahl, 1995) . However, addition of these antioxidants did not suppress OMV/T formation by F. novicida (Supporting Information Fig. S4D ). This is consistent with our finding that addition of a-ketoglutarate and succinate, which also function as antioxidants (Mailloux et al., 2007; Tretter et al., 2016) , did not inhibit OMV/T formation (Supporting Information Fig. S4B ). We also directly tested the effect of increased oxidative stress on OMV/T formation. Quantification of OMV/T produced by F. novicida grown in the presence of a sublethal concentration of hydrogen peroxide (40 mM) demonstrated that bacteria exposed to hydrogen peroxide did not increase OMV/T production (Supporting Information Fig. S4E ). Taken together, these results indicate that OMV/T formation on cysteine depletion is not a response to increased oxidative stress. To investigate OMV/T formation in response to other environmental stresses, we exposed F. novicida U112 to a variety of other ROS (paraquat, tert-butylhydroperoxide), reactive nitrogen species [RNS; S-Nitroso-NAcetyl D,L Penicillamine (SNAP), sodium nitroprusside] and other stresses (sodium hydrosulfide, ethanol, sodium chloride, DMSO). None of the agents tested increased vesicle production (data not shown), indicating that formation of OMV/T is not part of a general stress response.
A cysK mutant is deregulated for OMV/T production Given our results pointing to a specific effect of cysteine on OMV/T production during growth in BHI, we reasoned that mutants in gene products related to cysteine metabolism or function might have aberrant responses to the presence of cysteine. Therefore, we selected mutants from the F. novicida U112 transposon mutant library with insertions in genes connected to cysteine metabolism (cysK, FTN_1303, FTN_1496), glutathione formation (ggt, gper), oxidative stress responses (katG, oxyR), Fe-S cluster biogenesis (iscR, sufD) and Fe-S ferredoxin proteins (FTN_0755, FTN_0773), and analyzed OMV/T formation by the mutants in response to cysteine. Of the mutants assayed, only a cysK mutation caused an altered response to cysteine. The F. novicida cysK mutant formed OMV/T in both BHI and BHI 1 Cys media (Fig. 5A ). This is in contrast to wildtype U112, which shuts off OMV/T production in the presence of cysteine. Quantification of OMV/T released into the growth medium showed that the cysK mutant produced twofold higher levels of OMV/T compared to wildtype U112 when grown in BHI, but 10-fold higher vesicle production compared to wildtype when grown in BHI 1 Cys (Fig. 5B ). This defect of the cysK mutant to turn off OMV/T formation in the presence of cysteine could be partially complemented by expression of cysK from a plasmid (Fig. 5B) . The cysK mutant was not identified in our original genetic screen, as this was performed in BHI medium, where the twofold difference in vesicle production between the wildtype and mutant was not sufficient for classification as hyper-vesiculating. Overexpression of cysK in wildtype U112 did not significantly reduce OMV/T formation, although there was a trend (P 5 0.066) toward lower vesicle production (Fig.  5C ). The cysK gene in F. novicida encodes cystathionine beta synthase, an enzyme that synthesizes cystathionine (Kanehisa et al., 2014) . In bacteria that are prototrophic for cysteine, cystathionine can then be used to form cysteine. However, Francisella spp. lack other enzymes in this pathway. In accordance with this, supplementation of BHI with cystathionine did not suppress OMV/T formation by wildtype F. novicida, in contrast to the effect of added cysteine (Supporting Information Fig. S3B ). In addition, supplementation with cystathionine did not turn off OMV/T production by the cysK mutant (Supporting Information Fig. S3B ). This suggests that the lack of cystathionine beta synthase enzymatic activity is not responsible for the OMV/T regulatory defect of the cysK mutant. Although the mechanism remains to be determined, these experiments identify a role for cysK in the pathway by which Francisella senses the presence of cysteine to turn off OMV/T production.
Amino acid starvation triggers OMV/T formation
Our results suggest that deprivation of cysteine as an amino acid, rather than its antioxidant activity or some other function, is the inducing signal sensed by F. novicida during growth in BHI medium. In addition to cysteine, Francisella is auxotrophic for histidine, arginine and methionine (Larsson et al., 2005; Ramage et al., 2012) . Unlike cysteine, individual supplementation of BHI with these amino acids did not suppress OMV/T formation by F. novicida U112 (data not shown), indicating a dependence on cysteine in the complex BHI medium that cannot be met by other amino acids. To test if OMV/T production is responsive to starvation of amino acids other than cysteine, we grew strain U112 in the defined medium, CDM. As with the cysteine deprivation experiment, we simulated amino acid deprivation in CDM by lowering concentrations of methionine, arginine, or histidine in a stepwise manner until a threshold concentration was reached that slowed, but did not completely inhibit, bacterial growth. For methionine and arginine, this was 0.004% final concentration, which is 10% of the standard levels in CDM, whereas histidine was used at 0.001%, which is 5% of the standard CDM level. As shown in Fig. 6A , growth of wildtype U112 on CDM A. Representative whole bacterial TEM images of wildtype F. novicida U112 or the cysK mutant grown on BHI or BHI 1 Cys agar. The cysK mutant does not shut off production of OMV/T in the presence of cysteine. Scale bars represent 200 nm. B. Quantification of OMV/T produced by wildtype U112, the cysK mutant, or the complemented strain, grown on BHI or BHI 1 Cys as indicated. C. Quantification of OMV/T produced by wildtype U112 or U112 containing a cysK overexpression plasmid, grown on BHI agar. Bars in B and C represent mean DPH fluorescence (arbitrary units) 6 SEM from three independent experiments. The fluorescence was normalized to bacterial wet weight before comparison to wildtype grown on BHI (set at 100). *, P < 0.05; **, P < 0.01; for the indicated comparisons as calculated by unpaired two-tailed Student's t test.
agar with limiting concentrations of methionine, arginine, or histidine resulted in increased OMV/T production compared to growth on standard CDM, as found for cysteine deprivation. Quantification of vesicles released by F. novicida during growth on CDM showed that restriction of individual essential amino acids led to 6-to-17-fold increased levels of OMV/T production (Fig. 6B ). These experiments demonstrate that amino acid deprivation is an inducing signal for OMV/T formation, and that this holds true for essential amino acids in addition to cysteine.
To determine if the hypo-vesiculating mutants isolated from our screen are defective in responding to deprivation of amino acids in addition to cysteine, we examined OMV/T production by the four strongest mutants (fumA, tktA, FTN_0908, and FTN_1037) during growth on standard CDM, or CDM depleted for cysteine, methionine, arginine, or histidine. The tktA mutant could not be analyzed in CDM, as loss of transketolase activity creates an auxotrophy for aromatic amino acids (Zhao and Winkler, 1994) , which are not available in CDM. The fumA and FTN_1037 mutants maintained their hypovesiculating phenotypes in response to deprivation of each individual essential amino acid; i.e., in contrast to wildtype U112, the mutants did not increase OMV/T production in response to amino acid restriction (Fig. 6A ). The FTN_0908 mutant had an interesting phenotype, in which it remained moderately defective compared to wildtype U112 for OMV/T production in response to cysteine, methionine, or histidine depletion, but produced OMV/T in response to arginine depletion at levels similar to wildtype U112 (Fig. 6A ). This indicates that Fig. 6 . Amino acid deprivation is a signal for OMV/T production. A. Representative whole bacterial TEM images of wildtype F. novicida U112 and the indicated hypovesiculating mutants grown on standard CDM agar or CDM depleted for cysteine, methionine, arginine or histidine. Scale bars represent 200 nm. B. Quantification of OMV/T produced by wildtype U112 grown as in A. Bars represent mean DPH fluorescence (arbitrary units; normalized to bacterial wet weight) 6 SEM from three independent experiments. **, P < 0.01; ***, P < 0.001; for comparison to growth on standard CDM, as calculated by unpaired twotailed Student's t test.
Regulated production of membrane vesicles and tubes 533 FTN_0908 participates in a pathway required for response to only a subset of amino acids (cysteine, methionine and histidine). Overall, these results indicate that a general inability to sense or respond to amino acid starvation underlies the phenotypes of the hypovesiculating mutants, linking central carbon metabolism to amino acid sensing and the regulated production of OMV/T.
Discussion
The release of membrane vesicles allows bacteria and other types of cells to extend their sphere of influence, providing a system for cell-to-cell communication and the delivery of effector molecules such as virulence factors to distant sites. Despite a long history of study and increasing recognition of their critical roles in hostpathogen interactions, mechanisms governing the production and regulation of OMV by Gram-negative bacteria remain central open questions. In this study, we report that the production of OMV and OM-derived tubular projections by Francisella is under the control of specific genes and responsive to a defined environmental signal. We show that the production of OMV/T in the model strain F. novicida U112 is responsive to amino acid starvation and dependent on components of central carbon metabolic pathways. In addition, we demonstrate that the fully virulent, human pathogenic F. tularensis SchuS4 strain produces OMV/T in a similarly regulated manner.
Our screen of the F. novicida U112 defined transposon mutant library identified a number of both hyper-and hypo-vesiculating mutants. The F. novicida hyper-vesiculating mutants included genes required for maintenance of OM and envelope integrity. This is in keeping with previous analyses in E. coli and other bacteria (McBroom et al., 2006; McBroom and Kuehn, 2007; Deatherage et al., 2009; Kulp et al., 2015) . Our screen in F. novicida also identified mutations not previously associated with increased vesiculation, including genes involved in various metabolic processes, transport, cell division and unknown functions. The hypovesciulating mutants isolated from our screen included genes with membrane-associated, transport, metabolic and unknown functions. A recent analysis of the E. coli Keio collection of knockout mutants identified 170 mutants with altered vesiculation (Kulp et al., 2015) . While mutations that altered OM structure generally caused increased vesiculation, some E. coli mutations in lipopolysaccharide or enterobacterial common antigen biosynthesis pathways caused decreased vesiculation, pointing to a general role for membrane structure in OMV biogenesis. We focused on the hypo-vesiculating mutants in this study; therefore, the phenotypes of most of the hyper-vesiculating mutants isolated from our screen remain to be confirmed and further explored. One hyper-vesiculating mutant of particular interest, which was confirmed by TEM to have increased OMV/T production, was in the gene coding for the transcriptional regulator MglA. MglA, a stringent starvation protein (SspA) homologue, is a key regulator of the Francisella virulence program (Lauriano et al., 2004; Charity et al., 2007) . MglA functions as a complex with SspA and FevR (PigR) to regulate over 100 genes in Francisella, including the FPI genes required for phagosomal escape (Brotcke et al., 2006; Charity et al., 2007; Guina et al., 2007) . Our findings suggest that OMV/T production is also part of the MglA virulence regulon.
The four strongest hypo-vesiculating mutants isolated from our screen contained insertions in fumA, tktA, FTN_0908 and FTN_1037. FumA is a class I fumarate hydratase that catalyzes the reversible conversion of fumarate to malate as part of the TCA cycle (Guest and Russell, 1992) . TktA is a thiamin pyrophosphate dependent transketolase that transfers 2-carbon units between compounds in the non-oxidative phase of the pentose phosphate pathway (Horecker, 2002) . Intermediates produced in this pathway are used in the synthesis of a variety of cellular constituents, including nucleotides, aromatic amino acids and vitamins. Notably, tktA was one of three pentose phosphate pathway genes isolated from our screen as defective for OMV/T production (Table 1) . Although the other mutants (rpe and rbsK) exhibited lesser decreases in OMV/T formation, it is possible that the entire pentose phosphate pathway is linked to vesicle biogenesis. FTN_0908 and FTN_1037 encode proteins of unknown function. FTN_0908 is a small, 94-residue polypeptide that is highly conserved among bacteria. Based on sequence conservation and gene location across species, FTN_0908 likely encodes a YbeD homologue. In E. coli, YbeD is thought to be a regulator of lipoic acid biosynthesis, but its exact mechanism of action is unknown (Kozlov et al., 2004) . Lipoic acid is part of lipoamide, a key co-factor used by pyruvate dehydrogenase and aketoglutarate dehydrogenase, enzymes that synthesize acetyl-CoA and succinyl-CoA respectively, as part of the TCA cycle. FTN_1037 is predicted to be a cytoplasmic membrane protein with 13 transmembrane domains. FTN_1037 shares sequence homology with members of the MFS transporter superfamily, which function as secondary carriers of a wide variety of compounds, including sugars, amino acids and small molecules (Pao et al., 1998; Reddy et al., 2012) . The fumA, tktA, FTN_0908 and FTN_1037 mutants had decreased levels of both the spherical OMV and tubular vesicles, as well as decreased levels of cell-associated tubular projections. This indicates that production of these different membrane-derived structures is linked. The fumA mutant almost completely lacked tubes, but still produced low levels of OMV. This identifies a key connection between fumA and tube production. The moderate growth rate decreases observed for these mutants in vitro are not likely related to their hypovesiculation phenotypes, as the FTN_1037 mutant grew slower than the fumA and tktA mutants in BHI medium, but produced significantly more OMV/T. Moreover, wildtype U112 has a higher growth rate in TSB compared to BHI medium, but OMV/T production is repressed in TSB, indicating that growth rate is not correlated to OMV/T formation in F. novicida.
We identified cysteine depletion as the signal mediating induction of OMV/T production by F. novicida on entry into stationary phase in BHI medium. Francisella spp. are auxotrophic for cysteine and thus are dependent on external sources for this amino acid. In contrast to TSB, BHI is not supplemented with extra cysteine, explaining why we observed OMV/T production in BHI but not TSB (McCaig et al., 2013) , both of which are complex media. The role of cysteine as a specific signal mediating OMV/T formation during growth in BHI is supported by our identification of a cysK mutant as signal blind; i.e., the cysK mutant did not turn off OMV/T production in the presence of cysteine. The cysK gene in F. novicida encodes cystathionine beta synthase, which is typically annotated as cbs. Cbs functions in an alternate cysteine biosynthetic pathway, but Francisella spp. lack other enzymes in this pathway. Moreover, supplementation of the growth media with the Cbs enzymatic product, cystathionine, did not affect OMV/T formation in either wildtype U112 or the cysK mutant. Therefore, the exact function of cysK in Francisella, and how it is involved in sensing cysteine to dampen OMV/T production, remains to be determined. Nevertheless, the signal blind phenotype of the cysK mutant indicates the presence of a specific pathway regulating OMV/T biogenesis in response to cysteine.
In addition to the model F. novicida U112 strain, we found that the highly virulent, human pathogenic F. tularensis subsp. tularensis SchuS4 strain produced OMV/T in response to cysteine deprivation. Thus, the signaling mechanism that connects cysteine deprivation to OMV/ T formation is conserved between non-pathogenic and pathogenic Francisella spp. Proteomic analysis of OMV/ T purified from the SchuS4 strain revealed a number of differences compared to the F. novicida U112 vesicles, with only 40% of the SchuS4 proteins shared in common with the U112 vesicles. Of note, the SchuS4 OMV/ T contained a larger number and higher abundance of known Francisella virulence factors. The peroxidase/ catalase KatG was the third most abundant protein present in the SchuS4 OMV/T, whereas it was only 40 th most abundant for the U112 vesicle-associated proteins (McCaig et al., 2013) . KatG is important for the ability of Francisella to combat ROS in vitro and in vivo, and contributes to virulence in mice (Ma et al., 2014; Binesse et al., 2015) . The abundance of KatG in the SchuS4 OMV/T, along with other oxidative stress response proteins such as SodC and FipB, suggests the SchuS4 OMV/T could contribute to combating ROS during infection. The SchuS4 OMV/T also have a nearly complete set of FPI proteins (14 of 17), whereas the F. novicida vesicles contain only 5 of the FPI proteins (McCaig et al., 2013) . A role for the FPI proteins in the OMV/T remains to be determined. Our current genetic screen, as well as a previous direct analysis of FPI mutants from the U112 transposon mutant library (McCaig, 2012) , indicate that the FPI proteins are not involved in production of the OMV/T.
Given our identification of cysteine depletion as the key signal regulating production of OMV/T by Francisella grown in BHI medium, we initially hypothesized oxidative stress as the link between cysteine depletion and OMV/ T biogenesis. This hypothesis was supported by the functions of fumA and tktA in oxidative stress resistance, the role of cysteine as an antioxidant, and the fact that oxidative stress has been linked to OMV production in other bacteria (Macdonald and Kuehn, 2013; van de Waterbeemd et al., 2013; Kulp et al., 2015) . However, through multiple approaches, we did not find evidence supporting oxidative stress as the signal sensed by Francisella to upregulate production of OMV/T. Also, mutants in the transcriptional regulator oxyR, glutathione biosynthesis genes, or catalase-encoding gene katG did not exhibit altered OMV/T production, in contrast to their requirement for normal OMV formation in E. coli (Kulp et al., 2015) . Together, our results argue against a role for oxidative stress, or other environmental stresses, as an inducer of OMV/T formation in Francisella.
Our results support a model in which Francisella bacteria growing in BHI deplete available sources of cysteine on entry into stationary phase, and the starvation for this amino acid experienced by the bacteria serves as a signal to increase OMV/T production. In addition to cysteine, Francisella spp. are auxotrophic for methionine, arginine and histidine (Larsson et al., 2005 , Ramage et al., 2012 . Our experiments using the defined growth medium CDM show that OMV/T induction is not unique to cysteine depletion; instead, depletion of each individual essential amino acid is sufficient to induce OMV/T production. This identifies amino acid starvation as the general signal controlling OMV/T production. In agreement with this, the hypo-vesiculating mutants isolated from our screen were defective not only in responding to cysteine depletion, but also to the depletion of other Regulated production of membrane vesicles and tubes 535 essential amino acids. We propose that the hypovesiculating mutants do not properly sense starvation, and, therefore, do not increase OMV/T production. Given the roles of FumA and TktA as enzymes in central metabolic pathways, this identifies central carbon metabolism as a linking point between the amino acid starvation response and regulated OMV/T production.
Intracellular replication is essential to Francisella virulence (Ramond et al., 2012; Santic and Abu Kwaik, 2013) . During invasion of host cells such as macrophages, the bacteria initially reside within the phagosome, but escape into the host cell cytosol within 1-4 h after uptake (Checroun et al., 2006; Clemens et al., 2009 ). The host cell cytoplasm is a nutrient rich environment that supports Francisella replication (Ray et al., 2009; Di Russo Case and Samuel, 2016) . However, nutrient availability is restricted inside the macrophage phagosome, as evidenced by the induction of starvation responses in bacteria on host cell uptake (Appelberg, 2006; Zhang and Rubin, 2013) . We previously showed that F. novicida produces OMV/T during early stages of interaction with macrophages and inside the phagosome (McCaig et al., 2013) . Other groups have also noted the presence of irregularly shaped bacteria and vesicular material surrounding phagosomal Francisella (Anthony et al., 1991; Golovliov et al., 2003) . We propose that amino acid starvation experienced by Francisella within the phagosome is sensed as a signal to upregulate production of OMV/T. A role for the OMV/T during this stage of host cell invasion and in the pathogenesis of tularemia remains to be determined. However, our results suggest several possibilities: (i) the OMV/T could be involved in defending against phagosomal insults such as ROS, as suggested by the high level of KatG present in the vesicles; (ii) the generation and release of large amounts of membrane-derived structures could protect the bacteria against membrane-active molecules such as antimicrobial peptides and (iii) the OMV/T could play a role in the delivery of effector molecules into host cells during infection to manipulate host cell responses.
In conclusion, we report here the characterization of genes and signals governing regulated production of OMV and novel tubular extensions by F. novicida and F. tularensis. Our results identify a convergence between central carbon metabolism, amino acid starvation and OMV/T formation. Central metabolism plays a critical role in Francisella virulence, and in the virulence of bacterial pathogens in general (Santic and Abu Kwaik, 2013; Wyatt et al., 2016; Ziveri et al., 2017) . Our findings provide a framework for understanding the genetic and environmental cues that drive biogenesis of bacterial membrane-derived structures, and suggest that nutrient cues may be sensed by Francisella to regulate OMV/T production during infection.
Experimental procedures
Bacterial strains, growth conditions and plasmid construction F. novicida strain Utah 112 (U112; ATCC 15482) was grown in BHI broth (BD Biosciences), adjusted to pH 6.8, TSB (BD Biosciences), supplemented with 0.1% cysteine, or CDM, which was made as previously described (Chamberlain, 1965) . Fifteen g/liter of Bacto Agar (BD Biosciences) was added to make agar plates. For cysteine or N-acetyl cysteine supplementation to BHI or TSB media, cysteine hydrochloride (Fluka) or N-acetyl cysteine (Sigma) was added at a final concentration of 0.1% (w/v). F. novicida is unable to grow in the defined CDM in the absence of cysteine. Therefore, assays for the effects of cysteine in CDM were carried out in the presence of a minimal amount of 0.001% cysteine. Similarly, depletion assays for other essential amino acids were performed in CDM containing final concentrations of 0.001% histidine or 0.004% methionine or arginine. All antioxidants, ROS agents, and other stress agents tested were purchased from Sigma, except for 30% hydrogen peroxide and sodium chloride (Fluka). All assays for the effects of antioxidants, ROS agents, or other stress agents on OMV/T formation were performed on agar plates with either BHI or TSB media, where the filter sterilized agent was added after autoclaving the agar. To quantified OMV/T formed in the presence of hydrogen peroxide, bacteria were grown on TSB-Cys or CDM with reduced cysteine (0.001%). Decreased cysteine was needed for these experiments as cysteine counteracts the activity of the hydrogen peroxide. The 40 mM hydrogen peroxide concentration used was sublethal, but had an appreciable effect on the growth rate of F. novicida. The maximum final concentrations of the agents used were as follows: 0.1% pyruvate, 0.1% alanine, 2 mM a-ketoglutarate, 2 mM succinate, 1 mM glutathione, 2 mM vitamin C, 2 mM vitamin E, 40 lM hydrogen peroxide, 40 lM paraquat, 75 lM tertbutyl hydroperoxide, 0.5 mM SNAP, 2% ethanol, 2% sodium chloride, 50 lM sodium hydrosulfide, 50 lM sodium nitroprusside and 125 lM DMSO. The final concentrations were chosen based on published reports and also to allow for sufficient growth of U112 on the supplemented plates.
The F. novicida U112 two-allele transposon mutant library (BEI resources) was previously described (Gallagher et al., 2007) . The F. tularensis subsp tularensis SchuS4 strain (BEI Resources) was handled under biosafety level 3 (BSL3) conditions according to approved standard operating procedures. Cultures were streaked out from frozen stocks onto agar plates and incubated at 378C in the presence of 5% CO 2 for 40-44 h (for strain U112) or 72-96 h (for strain SchuS4). Liquid medium was pre-incubated at 378C in the presence of 5% CO 2 for 30 min prior to inoculation. U112 cultures were grown with shaking at 100 rpm for 9 h until late log phase. To make complementing plasmids pFumA and pTktA for the F. novicida U112 fumA and tktA mutants respectively, the fumA (FTN_0337) and tktA (FTN_1333) open reading frames were amplified from U112 genomic DNA and cloned into the XmaI and XhoI sites of plasmid pMP822, placing the genes under control of the blaB promoter (LoVullo et al., 2009) . Plasmid pCysK for complementation of the cysK mutant and for overexpression of CysK in wildtype U112 was similarly constructed by cloning the cysK open reading frame into plasmid pMP822. Primers used in this study are listed in Supporting Information Table S4 .
Genetic screen for hypovesiculating and hypervesiculating mutants
The F. novicida U112 two-allele library is arrayed on 32 96-well plates, each well containing a single mutant in 200 ml TSB 1 5% glycerol (Gallagher et al., 2007) . As OMV/T production is induced in BHI medium, we first generated a copy of the library by pin-replicating individual plates into duplicate 96-well plates containing BHI 1 5% glycerol. Each individual stock plate was then pin-replicated for growth in 200 ml BHI at 378C with shaking at 100 rpm for 24 h. Under these growth conditions, this time point was found to represent the late log growth phase at which U112 starts producing high levels of OMV/T (McCaig et al., 2013) . The plates were sealed with Airpore tape sheets (Qiagen) to promote aeration and incubated in loosely sealed plastic sleeves containing a folded wet paper towel to minimize evaporation. Following growth, the plates were centrifuged twice at 3102 3 g for 10 min each and 100 ml of cell-free culture supernatant was vacuum filtered onto PVDF membranes using a dot blot apparatus. The membranes were blocked in 5% skim milk overnight and assayed using an anti-FopA monoclonal antibody (Savitt et al., 2009 ) at 1:10 000 dilution and a secondary anti-mouse antibody conjugated to alkaline phosphatase at 1:1000 dilution. The blots were developed using BCIP/NBT substrate (KPL) for 10 min. Duplicate, independently-generated blots were compared to identify mutants that showed either a lowered or increased signal. The initially selected mutants that showed lowered signals were rescreened in duplicate and the 31 mutants that showed reproducibly lowered FopA levels were chosen as the hypo-vesiculating mutants. The 96 hypervesiculating mutants were chosen based on their strong reproducible signals in the initial round of screening.
Transmission electron microscopy
For analysis of bacterial-associated OMV/T, single colonies grown on agar plates for 40-44 h were re-suspended in 20 ml PBS. For analysis of purified OMV/T, appropriate volumes of purified samples were diluted in PBS. The bacteria or purified OMV/T were adsorbed for 2 min to polyvinyl formvar coated copper grids (Electron Microscopy Services). The grids were fixed in 1% glutaraldehyde for 1 min, washed using PBS and then water, and then stained with 0.5% phosphotungstic acid for 20 s and air dried before storage. The grids were viewed using a FEI Tecnai12 BioTwinG2 electron microscope at 80 kV accelerating voltage and images were obtained using an AMT XR-60 charge-coupled device digital camera system and compiled using Adobe Photoshop.
OMV/T purification and quantification from F. novicida U112 OMV/T were purified from lawns of F. novicida U112 grown on BHI, TSB, or CDM agar plates, with or without supplementation as indicated, and incubated at 378C in the presence of 5% CO 2 for 40-44 h. For all assays, bacterial lawns from 4 plates were scrapped and suspended into 7.5 ml of Buffer A [20 mM Hepes (pH 7.5), 150 mM NaCl, 0.05% Na-azide], and then centrifuged at 7840 3 g for 10 min. The cell pellet was washed twice with 20 ml Buffer A, followed by centrifugation as above. The combined supernatants were then filtered through a 0.2 mm PES membrane (Millipore). The cell-free supernatants were centrifuged at 100 000 3 g for 1 h and the pelleted OMV/T were re-suspended in 100-400 ml of Buffer A. To quantified the OMV/T, 20 ml of the re-suspended samples were diluted to 400 ml with Buffer A, and then 10 ml of 200 mg/ml 1,6 Diphenyl 1,3,5 hexatriene (DPH; Invitrogen) was added. The fluorescence emitted by DPH was quantified using a PC1 photon counting spectrofluorometer (ISS) set at 350 nm excitation and 452 nm emission wavelengths. The arbitrary fluorescence units were normalized for total volume of OMV/T preparation and to wet weight of bacterial cell pellets to account for differences in the growth characteristics of the wildtype and mutant strains.
OMV/T purification from F. tularensis SchuS4
Bacterial cultures (200 ml in 1-l flasks with baffles) were grown in BHI to stationary phase (OD 600 0.9). Bacteria were removed by two successive low speed centrifugations at 3940 3 g for 30 min each, followed by two rounds of filtration through a 0.2 lm MF75 filter unit (Nalgene). Na-azide, penicillin and streptomycin were added to the cleared culture medium to final concentrations of 0.05%, 100 U/ml, and 100 lg/ml respectively, and vesicles were harvested by successive rounds of ultracentrifugation (100 000 3 g, 1 h, 48C). The vesicle pellet was resuspended in 20 mM HEPES (pH 7.5) containing streptomycin and penicillin as above and 10 lg/ml gentamicin, and stored at 48C. To purify the OMV/T further for mass spectrometry analysis, the vesicles were adjusted to 40% (v/v) OptiPrep (AxisShield) and subjected to centrifugation using a 40%-0% OptiPrep density gradient as previously described (McCaig et al., 2013) . OMV/T were recovered from the gradient by ultracentrifugation and re-suspended in 20 mM HEPES (pH 7.5) containing streptomycin, penicillin and gentamicin as above. OMV/T recovery was confirmed by TEM and SDS-PAGE analysis.
Proteomics analysis of the F. tularensis SchuS4 OMV/T
The purified OMV/T were analyzed using the multidimensional protein identification technology (MudPIT) method (Delahunty and Yates, 2007) , as previously described (McCaig et al., 2013) . Spectral count normalization (Paoletti et al., 2006) was applied to generate a normalized spectral abundance factor (NSAF) value, as previously described (McCaig et al., 2013) . Two independent experiments were performed and only proteins identified in both experiments were considered as constituents of the OMV/T.
Genomic analysis
Functional classification of the hypo-and hyper-vesiculating mutants was performed based on their GO annotations and Regulated production of membrane vesicles and tubes 537 gene name descriptions using the DAVID database (Huang da et al., 2009) . Homology searches on the unknown hypovesiculating mutants, FTN_0908 and FTN_1037, were performed using the InterPro and ProtoNet analysis tools (Rappoport et al., 2012; Finn et al., 2017) . Gene names and descriptions corresponding to the proteins in the SchuS4 OMV/T were compiled through the use of the PGAT tool (Brittnacher et al., 2011) . Virulence factors in the SchuS4 OMV/T were identified from published reports of defective intramacrophage growth and/or attenuation in mice of mutants in F. tularensis subsp tularensis strain SchuS4 and their orthologs in F. novicida and F. tularensis subsp. holarctica strain LVS, as cited in the supplementary references.
Intracellular replication in primary macrophages
Murine bone marrow derived macrophages (BMDM) were isolated from the bone marrow in the femurs of female C57BL/6 mice (The Jackson Laboratory) as previously described (Platz et al., 2010) . Female 129S-Cybb < tm1Din>/J mice, which correspond to gp91 phox -/-(The Jackson Laboratory), were also used to isolate BMDM. The BMDM were seeded at a density of 1.5 3 10 5 macrophages/well using a 24-well tissue culture plate (Corning, USA). U112, the hypo-vesiculating mutants, and the complemented strains were grown in 25 ml TSB until early log phase and then appropriate volumes were diluted in bone marrow infection media [BMIM; DMEM with GlutaMax (Gibco), supplemented with 15% L929 cell supernatant, 5% Fetal bovine serum, and 1 mM sodium pyruvate] to infect the macrophages with a MOI between 40 and 50. The infections were performed in triplicate. Two hours after infection, the media was replaced with BMIM containing 10 mg/ml gentamycin to kill extracellular bacteria. After 30 min, the macrophages were washed twice with sterile PBS, and half the wells were incubated with fresh BMIM containing 2.5 mg/ml gentamycin until a time point of 21 h after infection. The BMDM in the other half of the wells were lysed at the 2.5 h time point by incubating the cells in DMEM 1 0.1% deoxycholate for 10 min. The bacteria released on selective lysis of the macrophages were enumerated by spotting serial dilutions on GC II chocolate agar plates (BD Biosciences). This lysis and bacterial CFU enumeration was repeated at the end of the 21 h time point. Average CFU/ml were calculated at both time points.
All protocols involving animals were performed in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH), as approved by the Institutional Animal Care and Use Committee of Stony Brook University.
Phagosomal escape assay
The ability of F. novicida to escape from the phagosome of infected RAW264.7 macrophages was evaluated essentially as described before (Woolard et al., 2007) . Briefly, RAW 264.7 macrophages were seeded on sterile glass coverslips in 24 well tissue culture plates at a density of 1.5 3 10 5 cells/well. Strain U112, the hypovesiculating mutants, and the iglC mutant were grown in TSB to mid-log phase, washed twice with PBS and labelled for 20 min at 378C with 0.008% carboxyfluorescein succinimidyl ester (CFSE), a cell staining dye. Labelled bacteria were harvested by centrifugation, washed thrice with PBS to remove unbound dye, and then diluted in DMEM 1 10% FBS at appropriate volumes to infect RAW264.7 macrophages at an MOI of 400. Two hours after infection, media was replaced with DMEM 1 10% FBS containing 10 mg/ml gentamicin to kill extracellular bacteria. After 30 min, tissue culture media was removed, and the infected macrophages were washed with PBS and fixed in 2% paraformaldehyde in PBS 1 1% sucrose for 10 min at room temperature. Cells were washed thrice with PBS and permeabilized with 0.2% saponin in PBS for 10 min at room temperature. LAMP1-positive phagosomes were detected using rat anti-mouse CD107a (LAMP1) antibodies (BD Pharmingen) followed by goat anti-rat secondary antibodies conjugated to AF594 (Molecular Probes). Coverslips were mounted in SlowFade Gold antifade reagent (Invitrogen) and visualized using a Zeiss LSM 510 META two-photon laser scanning confocal microscope in the 488 nm and 534 nm channels. Z-stack images of at least 75 infected macrophages from three independent experiments were captured using the Plan-Neofluar 403/1.3 oil DIC objective and analyzed. Using the colocalization macro in Zeiss LSM image software (version 4.2), the average colocalization coefficients in the 488 nm channel for each strain in each independent experiment were determined.
Assay for bacterial sensitivity to reactive oxygen species
A disk diffusion assay was used to test sensitivity of F. novicida to hydrogen peroxide or paraquat. One hundred fifty ml of a frozen stock of wildtype U112 or one of the hypovesiculating mutants was spread on BHI agar plates and allowed to dry for 15-20 min. Sterile 6 mm filter disks were placed on top of the plate and 10 ml of a 75 mM solution of hydrogen peroxide or a 25 mM solution of paraquat was spotted on top of the disk. The plates were incubated for 36 h at 378C in the presence of 5% CO 2 , and the diameter of the zones of bacterial growth inhibition measured. The zones reported are the average of two independent experiments and include the 6 mm diameter of the filter disks.
Statistical analysis
Differences between mean OMV/T production in media with or without cysteine supplementation were evaluated using the Holm-Sidak method of multiple t tests. All other DPH fluorescence assays were analyzed using unpaired twotailed Student's t test by comparing each mutant with the wildtype U112 strain assayed under the same condition, or by comparing OMV/T formation by wildtype U112 in supplemented media to the corresponding standard media. Bacterial replication in BMDM was analyzed by pairwise comparisons of the CFU/ml of wildtype U112 and each mutant strain 20 h after infection. For the phagosomal escape assay, Student's t test was used to compare differences between the mean colocalization coefficient of U112 and each of the mutants. All statistical analyses were performed using Graphpad Prism 7 software.
